In 2 studies, a method of linear morphometry was applied to regulatory developmental neurotoxicity studies in the rat. The first study involved the development of the brain during postnatal days (PNDs) 7-63, and the second involved the effects of 8 mg/kg IP trimethyltin chloride (TMT) to rats at PND 8, with morphometry performed at PNDs 12 and 24. The results of the TMT linear morphometry were compared with those from stereologic counting of neurons in the cerebral cortex, piriform cortex, and hippocampus. Stereology produces more meaningful data than simple linear morphometry for use in the regulatory assessment of the developmental neurotoxicity potential of compounds.
INTRODUCTION
The US Environmental Protection Agency (EPA) has been refining the requirements of neurotoxicology studies for the registration of new chemicals, with the aim of assessing and evaluating the potential functional and morphologic hazards to the developing nervous system, both in utero and during suckling. A guideline was introduced in 1991 for a developmental neurotoxicity study (14) , and this guideline was refined in 1998 by the Office of Prevention, Pesticides and Toxic Substances (15) to minimize variations in testing procedures involved in obtaining the various types of data required by the EPA. The neurotoxicity evaluation used in this study includes assessment of behavioral responses, detailed qualitative neuropathologic examination, and a simple morphometric analysis.
This simple morphometric analysis was used to detect differential growth patterns in particular brain regions and to assess the structural development of the brain at postnatal day (PND) 11 and the end of the study (PND 63) . The minimum requirement was to produce a reliable estimate of the thickness of major tissue layers at representative locations within the neocortex, hippocampus, and cerebellum, based on published methods (11) . The thickness of the layers is determined linearly, by measuring the distance between 2 points on histologic sections of the brain. A draft document was published in 1998 by the Organization of Economic Cooperation and Development (OECD) (10) with a proposal for a new guideline for developmental neurotoxicity studies, in which morphometric (stereologic) analysis was required only if indicated as a consequence of changes in brain weight or pathologic findings.
The regulatory requirement for simple morphometrics stimulated the methods development research reported here. We present details of the results of studies performed by the linear methods as required by the EPA and those performed using alternative morphometric proce-dures based on stereology as per the OECD draft guidelines.
METHODS
Two studies were conducted with rats. The first was a morphometric evaluation of the developing rat brain to investigate the development of the brain at different ages from PND 7 to PND 63. The second was a validation study measuring morphologic changes in the rat brain after IP administration of 8 mg/kg trimethyltin chloride (TMT) at PND 8. Linear measurements were carried out in both studies, but stereologic counts were made only in the TMT study.
Study Design. At each age specified, 6 male and 6 female Alpk:APfSD rats (Wistar derived), (1 male and 1 female from 6 different litters) were obtained from the colony at the Rodent Breeding Unit, Zeneca Pharmaceuticals. The rats were examined at PNDs 7, 10, 12, 14, 16, 22, 29, 42 , and 63, where PND 1 was designated as the day of birth.
Groups of 20 8-day-old male Alpk:APfSD (Wistar derived) rats were dosed IP with 0 or 8 mg TMT/kg using deionized water as a vehicle. Six rats from each group were euthanatized and examined on PNDs 12 and 24. Morphometric Methods. Linear Morphometry: Each animal was weighed and then euthanatized on its specified day by an overdose of Fluothane (Zeneca Pharmaceuticals) followed by exsanguination. Immediately after death, the head was cut off at the atlanto-occipital joint, the dorsal cranial bones of the skull were removed to expose the brain, and the head was immersed in 10% neutral buffered formal saline for 24 hours. After removal from the skull, the overall length and width of the brain were measured and the cerebellum was removed by cutting the cerebellar peduncles. The brain and cerebellum were then placed in a mold on a level surface and embedded in 3.3% agar as an aid for accurate trimming. The brain was then trimmed into 7 blocks (levels 1-7) using landmarks on the ventral surface ( Figure 1 ) and then embedded in paraffin, rostral surface down. The cerebellum was sectioned sagittally at the midline and embedded in paraffin blocks medial surface down (block/level 8) ( 1). All cuts were made as accurately as possible at right angles to the longitudinal axis of the brain (blocks 1-7) or along the midline (block 8) and were truly vertical. Paraffin-embedded sections were then cut and stained with hematoxylin and eosin; the prepared slide represented as much as possible the ideal level as shown ( Figure 2 ). Morphometry measurements were made from these sections using a Kontron Image Analyser (Imaging Associates, Thame, UK). No measurements were taken from sections that were damaged or not of an adequate transverse nature. For details of measurements, see Figure  2a -d for levels 2-5 and Figure 2e for level 8. Measurements was taken at 2 different magnifications with either a macro setup (levels 2-5) or a microscope (level 8) , such that the image produced filled the screen of the analyser monitor. Dimensions were in millimeters except for the thickness of the cerebellar layers, which was measured in micrometers. Bilateral measurements are presented as the mean of both sides.
Stereologic Morphometry: The brains (3/group) were cut longitudinally along the midline, and half was dehydrated through a series of alcohols and embedded in 2-hydroxyethyl-methacrylate (GMA) (Kulzer and Co, Wehrheim, Germany). Thirty-micrometer-thick sections were cut sagittally through the half brain, with the first cut made in the block at a random sagittal position adjacent to the brain. Every other section was collected, mounted on glass slides, stained with a 1 % solution of toluidine blue and sodium tetraborate (Pioneer Chemicals), dehydrated on a hot plate overnight, mounted in Surgipath Micromount Mounting Medium, and coverslipped.
The volume [V(ref)] of the neocortex, hippocampus, and piriform cortex was obtained by the Cavalieri method (7) using a computer package (Digital Stereology, version 2.3, Kinetic Imaging, Liverpool, UK). The unbiased estimation of the numerical density (Nv) of neurons in the hippocampus, neocortex, and piriform cortex was calculated using the optical dissector method (6, 16) in the computer package, sampling every 10th section. The total number of neurons (N) for each brain region was calcu-
Statistics. Linear Morphometry: For the TMT study, all data were analyzed using an ANOVA allowing for FIGURE 2.-Linear measurements from rat brain. a) Level 2; h = overall height, w = overall width. b) Level 3: a = dorsal cortex, b = lateral cortex, c = piriform cortex, d = width hippocampus from midline. c) Level 4: a = dorsal cortex, b = piriform cortex, c = thickness corpus callosum, d = height thalamus, e = width thalamus, f = overall width brain, g = width hippocampus from midline, h = thickness dentate gyrus, j = length dentate gyrus. d) Level 5: a = dorsal cortex, b = piriform cortex, c = width thalamus, d = width dentate gyrus, e = width hippocampus. e) Level 8: PreculmF = preculminate fissure, PpF = prepyramidal fissure. On both sides of each fissure the external granular, molecular, and internal granular cell layers were measured. hippocampus at both time points, in the neocortex at PND 24, and in the piriform cortex at PND 12.
The incidence of linear measurement parameters affected by a significant change (p = 0.05) was determined (total of 28 individual linear measurements taken). For males, significant reductions as compared with controls were noted for 1/28 measurements at PND 12 and 12/28 measurements at PND 24. In contrast, similar comparisons for females showed a reduction in 5/28 linear mea-surements at PND 12 with only 1/28 measurement affected on PND 24.
DISCUSSION
Using both linear morphometry and stereology, it was possible to demonstrate an effect on the developing rat brain subsequent to TMT administration. Qualitative examination of the TMT-exposed brains showed moderate to severe necrosis of the pyramidal cells in the CA1/CA3 region of the hippocampus and lesser numbers of necrotic neurons in the amygdaloid body and piriform and entorhinal cortices. We considered the relationship between the qualitative and quantitative results and whether the data were objective and relevant to the needs of regulatory requirements.
The linear morphometric technique appears to be sim-ple and easy to perform, but it actually presents major technical challenges. To obtain comparative measurement among animals, standardization of techniques was necessary. Linear morphometry demands that standard sections be produced of representative sections of the brain. Routine hematoxylin and eosin-stained sections can be used, and individualized sets of standard operating pro- cedures can be developed at each institution to produce sections similar to those used in standard neurotoxicology packages. However, production of standard sections was technically difficult because the brain must be sectioned at a consistent level and the cuts must be made truly vertical with no oblique angles in any of the axes. Sections were made using ventral brain landmarks, and the problem of holding the brain with the ventral surface horizontal was solved by embedding the brain in agar. In our experience, brain molds were of no benefit. The size of the young rat brains did not fit the depressions of the mold, and the position of the premade cuts in the mold did not correspond to where we wished to make the cuts. No measurements on the cerebellum were possible from transverse sections because the multiple foldings of the outer layers of this part of the brain prevented definition of suitable layers to measure. In contrast, a midsagittal section provided a consistent section. To make the linear measurements of the various regions of the sections, a set of operating criteria to guide the morphometrist were provided. Use of a validated computerized measuring system (the Kontron Image Analyser) aided the precision of the measurements, but there remained a certain amount of operator decision making and possible bias in defining the exact points where measurements were to be made.
The results obtained from the linear morphometry TMT study did reveal differences from controls, but the differences were not consistent. Qualitatively, males and females had similar degrees of necrosis in the hippocampus at both time points. However, at PND 12, only 1/28 parameters in males showed a reduction in thickness compared with 5/28 in females. By PND 24, almost half of the male parameters were reduced but females were minimally affected, with only 1/28 measurements reduced These results suggest that for TMT this method of linear morphometry is lacking in both specificity and sensitivity, making its universal relevance to the problem of assessing brain development questionable.
How should a variation in the thickness of a particular region of the brain be interpreted, both with or without qualitative evidence of damage? In 2 published studies utilizing 5-azacytidine (a cytotoxic compound that interferes with DNA synthesis) administered to mice at PNDs 12 and 14 (11) and PNDs 16 and 18 (12) , the mice were euthanatized as adults (age not specified), and linear morphometry was conducted on the brains. In mice dosed at PND 12, 21/35 measurements were reduced, at PND 14 11/35 were reduced, at PND 16 8/27 were reduced, and at PND 18 4/27 were reduced. No qualitative neuropathologic description of the findings was presented, but at PND 12 extensive damage in the hippocampus was reported, and the brains were small but cytoarchitecturally normal. At PNDs 16 and 18, the reductions in the regional thicknesses were associated with areas of greater [3H]-thymidine uptake in rat pups at the time of dosing, the presumption being that 5-azacytidine blocked cells in these regions from their normal developmental multiplication. Changes in the measurements were considered the result of cell (neuron) loss only, and no consideration was given to any other neural elements or pathologic processes that might contribute to variations in the bulk of TABLE 1.-Summary of the estimated total number of neurons (X 106) in rats dosed with 0 mg/kg (group 1) or 8 mg/kg (group 2) trimethyltin chloride/IP at PND8. Data are presented as mean ± standard deviation (number of animals). For group 2, statistically significant differences from group I are shown (*p < 0.05; **p < 0.01). The p value for interaction represents the statistical significance of the difference in treatment effects between days 12 and 24. the structure. Even with this (presumed) cell loss (unquantified in terms of actual cell numbers with this methodology), cell density was said to be rarely affected, the spacing of cells being the same in treated and control brains. The reduced cell numbers were seen as changes in the size of structures. Thus, an assumption was made by the investigators that the reduced measurements were due to cell loss, which was true to an extent. The problems of relating changes in 1 measurement to actual cell numbers was described (4) , and the assumption that profile counts of objects on sections are always relate uniquely to actual cell numbers was revealed as a fallacy. In addition, the consideration of cell densities alone ignores the concept and reality of the total reference space within which density measurements were made. Changes within the reference space can have profound effects on cell densities but not necessarily total cell numbers. Failure to consider the reference space is referred to as the reference trap (3).
In a later study (5) , the developmental neurotoxicity of methylazoxymethanol (MAM) and methylmercury (MeHg) was evaluated, and limited linear morphometry was just one of many parameters examined. MAM was administered to pregnant rats on gestation day (GD) 15 and MeHg was administered to pregnant rats on GDs 6-15 ; morphometric brain measurements were made on PND 4 from cerebral cortical layers I and I-IV, the corpus callosum, and the external granular cell layer (EGL), the EGL plus internal granular cell layer, and the Purkinje cell layer of the cerebellum. Significant reductions in the width of the cortical layers and corpus callosum were seen with MAM, but no effects were noted with MeHg. MAM produced severe hypoplasia of the cerebral cortex together with periventricular and hippocampal ectopia. Thus, linear morphometry confirmed for MAM the qualitatively obvious cortical hypoplasia but added no further data than were available by conventional histology for overall assessment of the neurotoxic potential of the compound. Prenatal exposure to MeHg, which is considered a neurotoxicant, resulted in no changes in morphologic measurements, and few other endpoints were significantly affected.
If linear morphometry lacks selectivity and sensitivity (as for the TMT study), fails to detect change for a recognized developmental neurotoxicant (MeHg), or merely states the obvious (MAM, 5-azacytidine), its use as a screening test for developmental toxicity testing is ques-tionable. Collection of data in itself is not of benefit; however, collection of relevant data definitely adds to our ability to interpret potential changes in brain structure during development. The brain and all tissues are composed of cells and their products. The important question in a developmental neurotoxicity study is to determine the potential effects of a compound on the developing nervous system, ie, on the development of cells themselves, and how these changes affect morphology and function. Are the cells multiplying normally? Are the cells migrating normally? Is there excessive cell loss? Are cellular products being produced normally? All these processes will contribute to the thickness of any layer measured in the brain, but this crude measure supplies no information concerning the underlying cell populations, and it is these cells that matter. Morphometry can provide cell counts. In a commentary on the available methods for sampling tissue for cell counting, Coggeshall and Lekan (4) discussed the problems and advantages of the various systems in use and concluded that the only unbiased estimates of numbers of cells were given by stereologic methods.
The stereologic results of the TMT study, although limited in terms of numbers of animals examined, provide ample illustration of the injury induced by TMT on the developing brain. The number of neurons in the CA region of the hippocampus had been reduced by 52% by 4 days after dosing and were reduced to 33% of control numbers by 16 days after dosing. Consequential effects were seen at PND 24 in the neocortex, with a failure in the development of a normal population of neurons in this region. In the piriform cortex, the control group showed a reduction in the total number of neurons between PND 12 and PND 24, and this loss of neurons was confirmed by the developmental linear morphometry study, where a reduction in the thickness of the piriform cortex was noted between PND 22 and PND 29. These findings suggest that remodeling of this cortical region may be taking place at this time and may account for the limited reduction in neuron numbers as compared with controls at PND 24 (TMT study). No indication of this natural reduction in neuron numbers appears in a standard text on neurogenesis (1) , where uptake of [3H]-thymidine during neurogenesis was studied in brains at PND 60 but not at intervening time points. Overall, the stereologic results gave a more precise picture of what was happen-ing to neurons in the developing brain after a toxicologic insult.
What are the implications of these results for morphometry in developmental neurotoxicity studies? First, consider the potential effects of an unknown compound on the developing brain. The compound (a) may have no effect at all, (b) may produce quite subtle defects in neurogenesis and neuronal migration, insufficient to produce a readily recognizable qualitative change but possibly producing functional change, (c) may produce histologic qualitative and functional abnormalities, or (d) may produce gross abnormalities. The cytotoxic compounds MAM and 5-azacytidine produce gross abnormalities, the exact nature of which depends on the time of dosing. Their cytotoxic effects make it necessary to limit administration to a single dose; repeated daily administration would not be tolerated. This disqualifies these compounds as suitable candidates for validation of morphometric techniques for developmental neurotoxicity studies. The gross abnormalities do not require the subtleties of morphometry to demonstrate effects and add little extra to the overall data package for assessment of neurotoxic potential. The need is for a method that will detect compounds in categories b and c, where changes are either detectable by conventional histopathology or present but undetectable by such means. Compounds undergoing developmental neurotoxicity tests will in most instances be administered by repeated daily administration. They will have undergone many toxicologic and pathologic assessments before the developmental neurotoxicity phase is reached, and it is unlikely that gross neural developmental abnormalities will result. The lesions, if any, may be quite localized or, if diffuse, may affect cell numbers but not be apparent because, qualitatively, cell densities may appear similar between treatment and control animals. If any morphometric method is going to assist in the elucidation of potential effects, then unbiased stereologic determination of neuron numbers offers the best chance.
Stereologic techniques have been applied to neurotoxicology (13) , demonstrating a reduction in neocortical neuron numbers and cell body volumes after 2,5-hexanedione administration. No effects were seen on total cortical neuron numbers after rats were dosed with up to 800 mg/kg/d toluene (8) . In 1 developmental study, no effect on total cortical neuron numbers was found in rat pups undernourished from GD 16 to PND 30 and examined at PND 70 (2) . In another such study, rats exposed to alcohol from PND 4 to PND 11 and examined at PND 115 showed no reduction either in total number of neurons and glial cells in the neocortex or in mean cell volume (9) . The methodology used in the TMT study was no more laborious than the linear morphometry approach. However, before use in routine regulatory studies, this procedure requires the development of appropriate standard operating procedures and full validation. The draft OECD guideline (10) proposed the option of carrying out morphometry (stereology) if there are changes in brain weight or pathologic changes on qualitative examination. This approach would allow a more focused appraisal of morphometry, and it would be reasonable to determine neuron numbers in the neocortex, piriform cortex, hippocampus, and cerebellum as a core minimum. These regions could be added to or modified if histopathologic results suggested other specific target sites.
